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ABSTRACT 

This report  describes the resul ts  of applying continuous model matching 

techniques t o  the determination of parmeters of a human operator i n  a two- 

axis tracking task. The work constitutes the fourth and f i n a l  task of a 
study of model matching techniques being conducted under NASA Contract 

NAS 1-2582. 

The report  presents the approach used i n  extending model matching t o  the 

more cumplex s i tua t ion  of two-axis tracking where at  least eight unknown param- 

e t e r s  aust, he obtained. A separation in to  sequential computer analysis of each 

of the two axes of operation i s  shown t o  be feasible, and s e t s  of parameters 
f o r  each axis are  obtained. 

ence of cross-coupling terms between the operator's responses and t o  determine 
the cross-coupling coefficients quantitatively i s  of p a r t i c u l a r  i n t e re s t .  
This work w a s  conducted wi th  a re lat ively s m a l l  amount of analog comquting 

The use of t h i s  technique f o r  detecting the ex is t -  

equipment. 
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1. INTRODUCTION 

The objective of the research conducted under Task 4 was t o  extend 

the model matching approach developed under the single-axis studies 
(Ref. 1, 2, 3 )  t o  the more complex and unexplored conditions of two-axis 

tracking. 

time the e f fo r t  was restr ic ted t o  applying the continuous model matching 
techniques used in  Tasks 1, 2, 3 t o  mathematical models of l imited com- 

plexi ty  excluding and including simple cross-coupling terms. The applica- 

t ion  of the technique t o  more than two axes of manual control was not 
within the scope of t h i s  research b u t  can be considered t o  be a d i rec t  

extension along the l ines  presented i n  t h i s  report .  The complexity of 

such model matching operations i s  correspondingly greater but not pro- 

hibi t ive.  

To obtain a m i m u m  of useful informtion i n  the available 

The model matching ef for t  was applied t o  the task of controll ing a 
linear, symmetrical and essent ia l ly  uncoupled two-axis dynamic system, 

using an integrated display of two er ror  components on one oscilloscope 

screen. 
t i n g  the two control channels simultaneously. 
two-dimensional tracking t a s k  by the provision of a n  integrated display 

and an integrated f ingert ip  controller has the s ide e f fec t  of causing 
s m a l l  amounts of random cross-coupling i n  the  operator’s response as 

w i l l  be discussed i n  Sections 2 and 5 .  
technique t o  detect  such effects and to determine them quantitatively 

w i l l  be demonstrated i n  t h i s  study. 

An integrated two-axis f inger t ip  controller was used f o r  manipula- 

The simplification of the  

The a b i l i t y  of the model matching 

I n  order t o  gain greater insight  i n to  the na ture  and va l id i ty  of 

the model matching results the  mean squared residual error  was systema- 
t i c a l l y  investigated as a cr i ter ion of “accuracy of f i t  .I1 

squared tracking er ror  i n  each control channel was a lso  considered i n  
order t o  compare and assess the  operators’ tracking performance i n  these 

channels. 
found essent ia l  t o  assure an adequate learning period for  the t e s t  

subjects . 

The mean 

To acquire meaningful and consistent tracking data it w a s  

The report presents basic considerations pertaining t o  the formula- 

t ion  of two-exis operator models; 
and the analog computer programing; a discussion of the experimental re-  
s u l t s  obtained; and some conclusions and recommendations fo r  future research. 

a s - m r y  of the experimntal  procedure 



84 26- 600 5 -RU - 000 
Page 2 

2. FORMULATION OF A TWO-AXIS MODEL OF THE HUMAN OPERATOR 

0 2.1 Extension of Single-axis Model 

A straightforward approach t o  formulating a two-axis model of the 

human operator for  the purposes of t h i s  study i s  t o  make a d i r ec t  exten- 

sion of the single-axis model used previously (Reference 1). 

c a l  two-axis tracking t a s k  was selected i n  which the excursions of the 

controlled element are assumed independent of each other (uncoupled). 

The same l inear ,  time-invariant second order dynamics as i n  Task 1 of 

the study i s  assumed for  both axes of the system (see Section 3) .  
errm terns  cf t h e  two chmnels are  displayed as ver t i ca l  and h ~ ? r i z m t d .  

deflections, xv and %, of a dot on an oscilloscope screen (Cartesian 

coordinates). 

dimensions by trying t o  nul l  the displayed error  vector. 

A symmetri- 

The 

The operator performs a compensatory tracking t a s k  i n  two 

For a d i rec t  extension of the previous work it i s  a reasonable first 

s t ep  t o  characterize the human operator's response t o  ve r t i ca l  and hori- 

zontal error  signals i n  terns of two uncoupled, second order l inear  d i f -  

f e r e n t i a l  equations, 

ver t ica l  axis : 
.. 

x + a  x yv + yz + a2v yv = &3v v 4v v 

horizontal axis : 

.. 

I n  accordance with ea r l i e r  notation the model d i f fe ren t ia l  equations used 

t o  match the human operator output yv, yh are written i n  terms of z and 

z 
V 

with unknown coefficients aiv and aih, e.g. h 

.. -. 

zv + alv iv + azv zv = a3 v xv + 014v xv 

(The subscripts v and h w i l l  be omitted i n  subsequent sections where no 

misunderstandings can a r i se .  ) 



Since the controlled element dynamics does not contain cross coupling 

between axis, the operator's responses i n  each axis can be assumed as 
essent ia l ly  independent. This i n i t i a l  assumption i s  supported by the 

resu l t s  of a symmetrical two-axis tracking experiment conducted by 

Humphrey (Reference 4). 
the  operator's responses m u s t  a l so  be considered. 

However, the poss ib i l i ty  of cross-coupling i n  

2.2 Cross -coupling Effects 

The integrated display of two tracking er ror  components on one d is -  

play screen, and the integration of two-axis control i n to  a single finger- 

t i p  controller introduces a problem i n  the interpretat ion by the operator 
of visual s t i m u l i  and kinesthetic feedback. When observing the displayed 

tracking error  i n  two dimensions the operator probably does not con- 

sciously resolve the error  vector in to  Cartesian coordinates, xv, \, i n  
order t o  manipulate the control s t i ck  accordingly. 

pret  the display e r ror  and the s t i c k  deflection i n  terms of polar coordi- 

nates (see sketch below). 

coordinates r and f3' is  obtained by l inear  transformation of the Cartesian 

elements dxv, % as follows: 

He may actual ly  in t e r -  

The displacement element expressed i n  polar 

dr = % cosy  + dxv s i n y  

*h 

Resolution of Coordinate Changes on Display 
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The operator could not perform t h i s  resolution (or i t s  inverse) w i t h  

any precision even if  he knew the individual deflection elements. 

suggests that there are interactions in  h i s  responses t o  perceived s t i m u l i  
regardless of whether they are perceived i n  terms of Cartesian o r  polar 

coordinates. 

controller of the type used i n  t h i s  study does not provide a clear "kines- 

thet ic"  feedback of s t i c k  deflections i n  the horizontal o r  ve r t i ca l  sense. 

Hence the operator's control deflections i n  the two axes contain inevitable 
interactions.  

This  

A further complication stems from the f a c t  t ha t  a f inger t ip  

2.3 N!!!thematicsl %&el nf  Cross-coupling Effects 

On the basis of these considerations it i s  reasonable t o  expect un- 

intent ional  cross-coupling of varying degree t o  exist i n  the tracking 

responses of the operator. 

fore be modified as follows : 

The model equations (2.1), (2 .2)  should there- 

ver t ica l  : 
.. .. 
2 V + a1 iv + azzv + B, Zh + B, ih + yl 'v 'h 

and s imilar ly  f o r  the horizontal channel. 
terms on the l e f t  and right hand s ides  of the equation a re  the various 

cross-coupling e f fec ts  under discussion having unknown coefficients B i 

The additional underlined 

T i  and 

The following distinction is  made as t o  the sources and form of the 

various cross-coupling terms added t o  the equation: The e f fec ts  of the 

excitation s ignal  % or i t s  derivative w i l l  be termed perceptual or  input 

cross-coupling. zh w i l l  be termed motor o r  

output coupling. The terns may appear i n  l inear  or nonlinear form. The 

l a t t e r  case represents conditions where a heavy task load occurs s i m u l -  

taneously i n  both channels and causes a deterioration of control action 

with unintentional response i n  the wrong channel. 

pi, Ti 

The effects of the variable 

The coefficients 

a re  used t o  denote these d i f fe ren t  coupling phenomena as follows: 
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o u t p u t  
(Motor ) 

Input 
(Perceptual) 

- 

Linear 

Nonlinear 

As w i l l  be discussed i n  Section 5 some experimental computer runs  

were included i n  t h i s  study t o  detect  the presence of cross-coupling i n  
t he  operators'  performance and t o  observe, i f  possible, a quantitative 
improvement i n  model matching by the introduction of various cross-coupling 

terms. 
For fur ther  s tudy  of these phenomena it would be of great in t e re s t  t o  

introducc a r t i f i c i a l  display cross-coupling, e.g. 

I 

xv = xv + m1 5 1 

and t o  re t r ieve  the coefficients ml, m2 i n  the operator 's  response by 

model matching techniques. 

value t o  study control tasks which a re  essent ia l ly  asynxaetrical and ex- 

h i b i t  inherent coupling phenomena. Such tasks probably tend t o  induce 

reverse cross-coupling i n  t h e  operator 's responses a f t e r  the operator has 

learned t o  cope with t h i s  s i tuat ion.  
fur ther  pursuit of these interesting problems for  lack of available time. 

It would a l so  be of considerable prac t ica l  

The present study did not permit 
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3 .  EXPERIMENTAL PROCEDURE 

3.2 Description of the Tracking Task 0 
The human operator tracking task was basical ly  a combination of 

two s i n g l e  axis t a s k s  of the form described i n  Reference 1. 

oscilloscope having a 5 inch r e t i c l e  calibrated i n  1 centimeter u n i t s  

was used fo r  the display. 
s t ick .  This hand controller has been used previously f o r  the performance 

of single axis tracking s tud ie s  i n  T a s k s  1, 2, 3 .  A block diagram of the 

two-axis control system i s  i l l u s t r a t ed  i n  Figure 1. 

A single 

The operator manipulated a two-axis control 

Two uncorrelated random excitation signals rv and rh act ivat ing the 

ve r t i ca l  and horizontal channels, respectively, were generated by two 

separate noise generators, each having the zero-frequency spec t ra l  den- 
2 s i t y  No 

mately 100 rad/sec. The input  signals t o  each channel were obtained by 

passing each noise signal through a f i l t e r  having the transfer function 

2.41 volts  /cps and a flat  power spectrum from zero t o  approxi- 

40 

( 4s + 1)2 

The dynamics of the controlled element were ident ica l  fo r  the two 

channels and were characterized by 

10 
T) (3.2) 

The channels were uncoupled. 

deflection on the  scope) and 5 (horizontal def lect ion)  as well as the 

operator 's  output s ignals  y, (control s t i ck  ve r t i ca l  position, normal- 

ized i n  terms of f u l l  s t i ck  def lect ion)  and yh (control s t i c k  horizontal 

posit ion) were recorded on magnetic tape fo r  repeated use throughout the 

study. 
b i l i t y  of the model matching techniques, b u t  no attempt was made t o  pro- 

vide an extensive coverage of operator character is t ics .  The parameter 
values found therefore do n o t  attempt t o  give a broad, s t a t i s t i c a l l y  

The displayed quant i t ies  xv (ver t ica l  

Sufficiently many tracking runs  were performed to  study the f eas i -  
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s ignif icant  picture of operator performance. 

Two human operators performed three tracking tasks each with three 

replications.  1) single axis  tracking i n  horizon- 
tal direction, 2 )  single axis tracking i n  ver t ica l  direction, 3) two-axis 

tracking. 

of excitation signals, rh 

operator output, yh and yv were recorded for  each run. 

The three tasks were: 

A l l  runs  were of 5 minutes duration. The mean squared values - - 
2 2 2 -  2 % and xv , and and rv , displayed errors  

2 -2 

3 .2  Operator Instructions and Training 

I n  order t o  obtain approximately invariant tracking performance, the 

two subjects were given extensive t ra ining sessions both i n  single-axis 

and two-axis tracking before any data were recorded. After proficiency 

and consistent performance i n  one axis tracking had been demonstrated, an 
additional period of one hour (12  five-minute tracking runs) w a s  devoted 

t o  t ra ining i n  the two-axis task.  The importance of adequate t ra in ing  was 

pointed out and quantitatively demonstrated i n  a two-axis tracking study 
by Humphrey (Reference & ). 
maintain minimum display error, as measured by the distance between the 

dot and the center of the scope. They were a l so  instructed t o  avoid ex- 
cessively large and rapid control s t i ck  deflections as much as possible. 

Data taking w a s  i n i t i a t e d  only a f t e r  the operators had acquired reasonable 

tracking proficiency. 

The operators were instructed t o  achieve and 

3.3 Determination of Human Operator Model Parameters 

A mathematical model was f i t t e d  t o  the human operator data by means 

of the continuous method described i n  previous task reports (References 

1, 2 ) . Data obtained from two-axis tracking was analyzed separately 
a n d  model matching was performed individually f o r  each of the two channels. 

Repeated model matching runs of the same recorded data were required i n  
some instances t o  minimize interactions between parameter adjustments which 

occurred when s t a r t i ng  from a r b i t r a r i l y  chosen i n i t i a l  parameter se t t ings .  
After one o r  two i te ra t ions  performed in  t h i s  manner, s e t s  of parameters 

were obtained which exhibited only minor fluctuations during the r u n .  

This procedure was fmnd necessary t o  provide dependable parameter values 



fo r  subsequent evaluation of the e f f ec t  of adjustment gains, damping 
terms, and cross-coupling terms on the model matching performance. 

I n  order t o  be able to  evaluate the adequacy of the model, the mean 

squared residual matching error,  

was used as a "matching accuracy cr i ter ion."  

the mtching ermr, z - y, and T is the length of the tracking run .  
I n  t h i s  equation, e is  

During the search for  cross coupling terms f3 i n  the model (see 

Equation 
between the adjustment loops f o r  the ai and p 
of the uncoupled system were thus held near t h e i r  optimum values during 

attempts of finding a further improvement of the matching cr i te r ion  by 

the introduction and adjustment of various cross-coupling terms. 

2.4 ) the coefficients cy were held fixed t o  avoid interaction 

The model parameters 3 '  

The off- l ine procedure described above involving the repeated use 

of taped operator tracking data was necessary@) i n  order t o  minimize 

computational complexity and ( 2)  t o  provide greater assurance of deriving 
meaningful values of the different matching c r i t e r i a  introduced i n  t h i s  

study. This point w i l l  be further discussed i n  Section 5 i n  terms of 

the model matching resu l t s  presented there .  
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4. ANALOG COMPUTER PROGRAMMING 

To determine the coefficients ai, Bit Ti... of the postulated 

two-axis model of the human operator it i s  possible t o  use the con- 

tinuous model matching technique previously developed i n  connection 
wi th  single-axis tasks.  Clearly, it w i l l  not be feasible  t o  obtain 

a l l  model parameters simultaneously as was explained i n  Task Reports 2 

and 3 (Ref. 2, 3 ). 
ment loops (numbering at least  e ight)  would tend t o  cause too much d r i f t ,  
perturbation and even ins tab i l i ty  i n  individual parameters. 

purpose of this study a restr ic t ion t o  t'ne parameters of one operator 

"channel" a t  a time provided a reasonable simplification, reducing the 

number of unknown parameters t o  4 i n  the absence of coupling terms i n  
the model. 

coefficients of uncoupled terms ai, i n  the model equation were held 
fixed a t  the optimum levels established by previous model matching runs .  
I n  t h i s  manner t he  en t i re  sequence of model matching experiments based 

on tape-recorded two-axis human tracking data can be completed with a 

re la t ive ly  l imited amount of computing equipment. 

The dynamic interaction e f fec ts  of the many adjust-  

For the 

* 
Coupling terms were introduced, one at  a time, while the 

To reduce the number of s ens i t i v i ty  equations per control channel 

t o  be implemented simultaneously on the computer, recourse w a s  taken 

t o  the approximations discussed i n  Task Reports 2 and 3. 
the generation of the parameter influences u 
c i r cu i t ,  and u and u by a second c i r cu i t .  By sui table  reprogramming 

it is  even possible t o  eliminate the second parameter influence c i r cu i t  
altogether and t o  obtain u and u4 from the c i r cu i t  which yields the 

output variable z 

According t o  Equation (2.2) z is obtained as the r e su l t  of l i nea r  super- 

position of the two terms a x and a42. Furthermore, u3 and u4 must 

s a t i s f y  the equations 

This permits 

and u 2  by one computer 1 

3 4 

3 
i n  a manner s i m i l a r  t o  tha t  used by Adams (Reference 5 ).  1 

3 

.. 
u3 + a1 u3 + a2 u3 = x 

.. (4.1) u4 + a1 u4 + a2 u 4  = x 

Note t h a t  separation of the model matching operation in to  2 single- 
axis  operations is jus t i f iab le  since two d i s t i n c t  e r ror  c r i t e r i a  

f v  = 2 (ev + nev) 

* 

1 0 2  1 2 and  fh = 2 (eh + q6 ) have t o  be minimized individually. h 
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Therefore, 

2 = a  u + a  u (4.2) * 3 3  4 4  

The corresponding computer c i rcu i t  i s  shown i n  the f igure below. 

Simplified Computer Circuit fo r  z, and u4 u3 

The computer program for finding the parameter influences of cross- 

... is derived by a simple extension of the above p2, coupling terms p,, 
techniques. Using the notation 

it follows from Equation (2.4) t ha t  u must s a t i s f y  the sens i t i v i ty  
83 

equation 
.. 
up3 + 5 up3 + OL2 up3 = % 

* 
This equation omits the effect  of i n i t i a l  values which i s  of no importance 
from a pract ical  standpoint. 
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Similar equations yield the parameter influence coefficients uB1, uBz, e t c .  

To simplify the computer program these coefficients can be obtained from 
the same parameter influence c i r cu i t  as ul, u2, by switching the forcing 

function i n  t u r n  from zv t o  $, 5, zh, ... e tc .  

The sens i t i v i ty  equation fo r  u tz requires as a forcing function 

the product xv%, while fo r  u 

( zv zh + cd; zh u Tl\ is required. 

a more complicated term 
* 11 

++ 
Some simplifying assumptions a re  made here by ignoring the second- 

order e f fec ts  of coupling parameters in  one channel upon the sensi-  
t i -vi t ies  of coupling parameters i n  the second channel, and vice 
versa. 
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5 .  RESULTS AND DISCUSSION 

5.1 Two-axis Model Matching R e s u l t s  

The resul ts  of a typical model matching run are shown i.n Figures 2 

As outlined i n  the previous section the computer sjmultaneously and 3 .  
adjusts  the four parameters o f  the l i nea r  model 

0 

.. 
2 + a  2 + a 2 z  = a  2 + a 4 x  1 3 

which represents the input-output character is t ics  of the human operator 

i n  one axis of the two-axis task i n  the absence of cross=ceupling, 

Figure 2 shows the parameter values obtained when the mathematical model 

i s  matched t o  the  horizontal tracking response only. The parameters ob- 

tained from matching ver t ical  axis tracking response are shown i n  Figure 3 .  
The displayed er ror  appears on channel 1 and the p i l o t ' s  output on 
channel 3 of these figures.  
tracking behavior, with the frequency and amplitudes of the operator 's  

output not varying s ignif icant ly  during the run. Consequently, it i s  

expected t o  f ind t h a t  the  model parameters maintain approximately con- 

s tant  values. 

on channels 4 through 8. 

The two t races  exhibit  a highly consistent 

This resu l t  can indeed be observed i n  both Figures 2 and 3 * 
The va l id i ty  of the model matching results presented in  t h i s  section 

w i l l  be evaluated by examining the mean squared residual niatching er ror  

defined by 

where e 
horizontal  axis from the p i l o t ' s  horizontal  axis output and T i s  the 

represent the mean squared residual matching run length. Similarly, ev 
e r ro r  i n  the ver t ica l  axis. The values of ev abd eh obtained f o r  the 

runs of Figures 2 and 3 are given below i n  Table I. 

reference values of e2 and re obtained when the model parameters were 

is  the error  obtained by subtracting the model output fo r  the h 

2 
z -2 

The tab le  a l so  gives 

h V 

* 
This tracking performance d i f f e r s  substant ia l ly  from the resu l t s  obtained 
by Adams (Reference 6 ) in a similar two-axis tracking study. Variations 
i n  tracking performance and parameter values found i n  that s tur iv  indicate 
tha t  the p i lo t  had not developed an  invariant control s t ra tegy.  
the highly complex task described i n  the experimental procedure of tha t  re-  
port, it i s  expected tha t  an increased t ra in ing  period would eliminate 
variations of this  nature. 

Considering 
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Time History of 1”arariie t e r  A d j n s t m n t  
P i l o t  3, VerLical Axjs  
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0.0115 

fixed a t  t h e i r  approximate mean values (a6 obtained from the tracking 

record). 

0.0167 - - Variable 
Parame terS 

o.ou.2 Fixed 
Parameters 

0.0180 63.0 82.7 

Values of Mean Squared Matching Accuracy 
i n  Horizontal j# Vertical Axes 

I 1 

I $J of Human Power Output I Accounted for  by Model 
Matching Accuracy 

h V I Horizontal i Vertical I e 

The resul t ing residual error is approximately the same as that  obtained 

when the parameters are allowed t o  vary about the mean value. 

columns i n  Table I list the percentage of human operator output power 
accounted fo r  by the model. 

ship 

The f i n a l  

T h i s  percentage i s  computed from the relat ion-  

-2 -2 ~ O O $  - (eh / yh ) x 100 ( 5 . 3 )  

Since the model does, i n  fact, account fo r  82.7 percent of the t o t a l  

output power i n  the vertical  case, and for  63.0 percent i n  the horizontal 

case, the model can be considered t o  be a reasonably good representation 
of the human p i l o t ' s  tracking character is t ics  i n  the two-axis case. 

Effect of Adjustment Gain and Rate Terms i n  the Adjustment Loop 

I n  order t o  obtain a quantitative evaluation of the e f fec t  of adjust-  - 
2 ment gain and adjustment strategy, the residual mean squared error  

w a s  recorded under several conditions. The resu l t s  a re  given i n  Table 11. 
ev 
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Gain, K '1. 

0 0 

0.5 0 

1 0 

2 0 

- 5  0.5 
j 1.0 O s 5  _A 

1 

TABLE IT. 

- 
2 

e 

0.0095 
0.0092 

0.0098 
0.0122 

0 . 0 0 3 ~  

V 

0.0098 - 

2 
f = ( e  + q6) (5.4) 

and the value q = 0.5 vas chosen, 

formance i n  previous studies.) 

(This value of q gave optimum per- 

The r e su l t s  a r e  a l so  indicated i n  Table I1 
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and show tha t  the addition of the r a t e  term re su l t s  i n  a small b u t  con- 

s i s t e n t  reduction i n  the residual  mean squared e r ror .  

the q term is t o  decrease the osc i l la t ions  of the  parameters about t h e i r  

t rue values by increasing s t ab i l i t y  of the adjustment loop, t he  observed 

improvement is consistent with the preceding comments on the e f fec t  of 
the adjustment gain. 

Since the e f fec t  of 

5.3 Comparison of Tracking Performance and Model Matching i n  One and Two Axes 

An extensive number of measures of tracking performance were taken 

duri.ng the model matching r~iiis i n  order t o  evaluate quant i ta t ively the 

differences between operator performance i n  single axis and i n  two-axis 

tasks. A s  discussed i n  the previous section the two subjects were first 

asked t o  perform single axis tracking of horizontal and ver t ica l  motions 
of the display dot on the oscilloscope screen. The same subjects subse- 

quently performed two-axis tracking tasks,  and a comparison of the per- 

formance between these two s i tuat ions was highly desirable.  
various measures defining l'accuracyof f i t "  of the mathematical model were 

determined. 

I n  addition, 

c) 
- The following measures were taken : 

1. 

2. 

3 .  

4. 

Mean squared horizontal disturbance input, 

Mean squared ver t ical  disturbance input, 

Mean squared horizontal tracking error ,  

Mean squared ver t ical  tracking error ,  

L 

h r 

r 
-2 

h 

V 

X 

-2 
xv 

-2 
'h 
-2 

e2 and ev 

5. 

6 ,  

7. 

Mean squared horizontal controller output, 

Mean squared ver t ical  controller output, 

Mean squared residual matching errors ,  

y v 
-2 

h 

The mean squared tracking error i n  each axis can be used t o  evaluate the 

a b i l i t y  of the operator t o  perform the tracking task, while the mean 

squared residual matching error can be used t o  evaluate the degree t o  
which the mathematical model 

.. z +a1 d +a2  2 = a  i + a 4 x  3 ( 5 . 5 )  

serves t o  represent the p i lo t ' s  performance. A tabuiation of all the 

measures l i s t e d  above as  we l l  as the values of the 4 model parameters 

obtained for each tracking r u n  i s  given i n  Table 111. 



a 

I I 

I 
1 

1 

I I 

I I 

I I 

I I 
I I X d X d X d  X x x d d d X x d d x x d d x x : d a  



F 
C 
+: 

Q: 
P 
C 

E 

j o m m  
r l \ D o \ o  m m m m  
. . . .  

X P; 

I r n  
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The differences between performance i n  the one and two-axis tasks 

respectively can be seen most c lear ly  by averaging mean squared tracking 
error  values  obtained from the various r u n s  i n  Table 111. The tabulation 

of these averaged values is given i n  Table I V .  An examination of Table I V  
reveals a s ignif icant  increase i n  normalized mean squared tracking error  

for  both operators i n  the two-axis task as compared with single axis  track- 

ing. Normalized performance measures 

- 
3 -- 

a re  obtained by using the t o t a l  power i n  the input s igna l  as a normalizing 

factor .  

work published i n  the l i t e ra ture  (see fo r  example Elkind, Ref. 7 ). The 

increase i n  normalized mean squared tracking er ror  ranges from 20 t o  67 

percent, and provides a quantitative measure of the increase i n  the d i f f i -  

cul ty  of the task experienced by the operators when the second axis  i s  added 

t o  the tracking task.  

The use of such a normalizing factor  i s  consistent with previous 

Average values of the  parameters obtained from the model matching f o r  

both axes and both operators are a lso  included i n  Table I V .  A remarkable 

consistency between the values of the parameters obtained i n  a par t icular  
axis i s  observed when comparing the tracking of the two operators, i .e . ,  
the a ' s  obtained f o r  the ver t ical  axis from both operators H and R are  

approximately equal. Likewise, the horizontal axis resu l t s  fo r  both 

operators are i n  close agreement. I n  view of the rather  wide differences 

i n  normalized mean squared tracking error  between the operators t h i s  con- 

sistency i n  the models i s  par t icular ly  interest ing since it indicates that 

the variation i n  tracking performance cannot be described completely by 

the l inear  time-varying mathematical model assumed i n  t h i s  study. 

Asymmetry between performance i n  the two axes i s  revealed by the 

degree t o  which a mathematical model is capable of representing a p i l o t ' s  

performance i n  each axis. Table V lists (3 and(?) obtained for  both 

operators normalized with respect t o  the mean squared tracking er ror  i n  



8426-6005-RU-000 
Page 22 

each case. 

input were used as normalizing factors  i n  t h i s  case since the tracking error  
is  i n  f ac t  the input s i g n a l  t o  both p i l o t  and model i n  the model matching - 
configuratjon of  Figure 1. Table also lists values of (eh )n and (ev )n 
averaged among all r u n s  for  both operators i n  the respective axes. 

shows i n  addition the fraction of the operator’s - output not accounted f o r  

by model matching. 

i n  the ver t i ca l  axis than i n  the horizontal  axis, both i n  s ingle  axis tasks 

Input mean squared tracking e r ro r  ra ther  than the disturbance 

-2 2 

It 

It can be noted that (e  Z)n is considerably smaller 

TABLE V 

Comparison of Normalized Matching Accuracy 
f o r  Two Operators 

-2 
(eh )n 3pcrstor 

H 
R 

H 
R 

19 
.112 

.172 
,150 

7 
(e ),Average of Two Operators 

One -axis 

Two axis 

.150 

.160 
.070 

.062 
1 

I I - 
2 

Percent of Total Operator Output Power e ., 
I Not Matched by Model 

Operator 

H 

R 

Horiz. 

41 .O 

-- 

27.0 

L 
Y 

Vert. 
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5.4 

and for  the ver t ica l  axis of the two-axis task.  I n  other words the mathe- 

matical model of Equation (4 .l)represents a human operator 's  performance i n  
the ve r t i ca l  axis more sa t i s fac tor i ly  than i n  the horizontal  ax is .  The 

causes of t h i s  lack of symmetry i n  the performance of the two tasks require 

fur ther  investigation. 
t o  i so la te  pertinent e f fec ts  (such as mismatch between design character is t ics  

of the two axes of the hand controller)  which might contribute t o  and provide 

an explanation of the a ymmetry. Thf r e su l t  is confirmed a l so  by a compari- 

son of the values 

A controlled experiment may be required i n  order 

-5 -3 e 
V and - which represent the fract ion of h e 

'h YV 

the t o t a l  operator's output which i s  not matched by the model. 

t h i s  f ract ion i s  smaller fo r  the ve r t i ca l  axis t h a n  fo r  the horizontal ax is .  

Once again 

Cross Coupling Between Axes 

As discussed i n  Section 2, two types of cross-coupling between axes 

were considered. 

the r ight  hand s ide of Equation (2.4) and motor (or output) cross coupling 

terms are  given on the l e f t  hand s ide of EQuation (2.4). 
visual search of the tracking records f o r  each r u n  of the two-axis task w a s  

made t o  ident i fy  possible cross-coupling e f fec ts  between the perceptual 

input i n  the ver t ica l  axis on the motor output i n  the horizontal axis (and 

vice versa). Such an examination of the tracking record would reveal dis- 

turbances i n  the horizontal output resul t ing from a disturbance i n  the 
ver t ica l  Input when no such disturbance appears i n  the horizontal input. 
Evidence of such cross-coupling terms can be seen i n  Figure 4 and i s  i n d i -  

cated by arrows. 
cross-coupling, the corresponding terms were introduced in to  the model, and 

parameter matching was performed over the en t i re  length of the tracking run. 
The resul t ing values of eh2 were compared with the value of eh2 obtained 

when no cross-coupling terms were employed. 
comparison would yield evidence of the existence of cross-coupling terms 

of the form 

Perceptual (or input ) cross-coupling terms a re  given on 

An extensive 

After finding tracking records which show t h i s  type of 

7 - 

It was anticipated tha t  t h i s  

$1 Yv' 

i n  the horizontal model. However, the resul t ing tracking records did not 
s h o w  c lear ly  defined or  consistent values of the cross-coupling terms for  
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the en t i r e  length of the tracking record. 

ured cross coupling coefficient f3 is  shown i n  Figure 5. 3 
ing value of the mean squared residual e r ror  actual ly  shows a slight 

increase as a r e su l t  of introducing the f3 

mathematical model. 

coupling terms. I n  general, the introduction of the cross coupling terms 

appeared t o  be detrimental t o  overal l  model matching i n  terms of residual 

mean square error .  

coupling terms, the a parameters were held fixed at t h e i r  average values 

i n  order t o  eliminate possible interection of the adjustment loops. 

A typ ica l  record of the meas- 

The correspond- 

cross coupling term into the 3 
Simi lar  resul ts  were observed for  the f3, and f3 cross 4 

It should be noted t h a t  during the search for  cross 

5.5 Cross Coupling as a Temporary or  Short Duration Phenomenon 

While searching f o r  consistent cross coupling terms some of the track- 

ing records indicated values of f3 which remained approximately constant fo r  

periods ranging from 20 to 60 seconds. 

is given i n  Figure 6. An examination of Figure 6 reveals t h a t  the cross 

coupling coefficient f3 has a reasonably constant value extending from 

t1z130 seconds t o  tzZ 204 seconds at  values between 1.2 and 1.6 u n i t s .  

The ef fec t  of introducing the cross coupling term in to  the model of the 

human operator during t h i s  interval  resu l t s  i n  approximately 9.2% reduc- 

t ion  i n  e as shown i n  Table V I .  This decrease of e due t o  the intro-  

duction of a cross coupling term in to  the mathematical model indicates the 

existence of cross coupling for  short  periods of time, Similar reductions 

A typ ica l  run  showing t h i s  e f fec t  

3 

- 2 

TABLE V I  

Effect of Cross Coupling Term f3xv 
on Model of Horizontal Axis ResDonse 

1 0 14  59 74 1972 
2 0 14.49 74 
3 0 13  069 70 01955 
4 1.6 1 2  079 72 
5 1.6 12.60 73 
6 1.6 i3.63 74 .1841 

,1961 

.1726 *1776 } .1781 

*1958 ] } .0180 9.18 

tl = 131 sec t2 = 207 sec 
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3 Time History - Adjustment of Parameter f3 

P i l o t  R 

E x C l  iati .on 

Model 
Output 

h 2 
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o u t p u t  
yh 

Error 
h e 

J 
0 

2 
h 

e a t  

Time (minutes ) 

Figure 5 
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3 Time History - Adjustment of Parameter f3 
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2 of e were observed for  other short  duration runs .  
I n  summary it should be emphasized tha t  the existence of cross coupling 

between axes was established by using a measure obtained from the residual  

matching er ror .  Consequently, the model matching technique used i n  t h i s  

study is  sui table  f o r  detection and quantitative determination of cross- 
coupling which occurs i n  the responses of the human operator i n  tvo-axis 

tracking. It i s  surmised from these resu l t s  t ha t  the technique can yield 
new data on the existence of systematic cross-coupling i n  r e a l i s t i c  track- 
ing s i tuat ions where cross-coupling between operator responses i s  caused by 

Vie djmmic character is t ics  of the coatrolled elexent.  The task studied 

here did not include conditions which would evoke a more consistent coupling 

i n  operator responses. Additional research along these l ines  should be of 

great i n t e re s t .  

5 *6 Closed-loop Characterist ics of Human Dynamic Response 

The closed-loop s t a b i l i t y  of the model w a s  examined for  a single a x l s  

t a s k  and one axis of the tuo-axis task.  Results showed only a minor sh i f t  

i n  the closed-loop poles w i t h  l i t t l e  e f fec t  on system s t a b i l i t y .  
The human dynamic response equation obtained from a typica l  single- 

axis tracking run is given by 

Z .29 (.525 s + 1) G1(s) = - - x -  (.036 s2 + .21s + 1) 

whereas a typical  case of t w o - a x i s  tracking yielded 

.269 ( .286 s + 1) 
(.0385 s 2  + .154 s + 1) 

- 
z 

G1(s) = - - 

I n  both tasks the controlled element dynamics w a s  characterized by 

10 
G2(S) = s ( s + l j  

The resul t ing character is t ic  equations of the closed-loop system are  

4 .036~ + .246 s3 t 1.21 s 2  + 1.52 s + 3.9 = o 
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f o r  the single axis case, and 

.0385 s 4 + .1925 s 3 + 1.154 s2 + 1.769 s + 2.69 = 0 

f o r  the two-axis case. 

The closed loop poles obtained frm these character is t ic  equations 

are  given below: 

Single-axis Task (ver t ica l )  Tuo-axis Task (ve r t i ca l  axis) 

" -  -1.67 + 4.2gj  "1 - 
- -1.67 - 4.295 s2 - 

-1.55 + 4 . O j  

s2 = -1.55 - 4.Oj 
= 

- - - ,315 + 2.043 
s 3  s 3 = 

- .83 + 1.62j 

It i s  interest ing t o  observe tha t  both pairs of complex roots ex- 

h i b i t  negative r e a l  parts, i n  agreement with the s table  performance evi-  
denced i n  a l l  s ingle  and two-axis human tracking experjrnents performed 

i n  t h i s  study. Other researchers i n  the f i e l d  have freiuent ly  obtained 

unstable roots from parameter ident i f icat ion studies of two-axis track- 

ing data tha t  appeared stable on inspection. 

not a r i s e  nere. A more comprehensive investigation of t'nis point would 

be very desirable.  

* 
Such a discrepancy did 

A cornparison of the above open-loop and closed-loop character is t ics  
of human operators with results reported by Adams (Reference 6, p.  10-12) 

indicates the following s imilar i t ies  and differences : 

Open-loop Response 

1) The operator's gain is  4 t o  8 times la rger  i n  Adams' r e su l t s ,  

probably t o  be explained by the f ac t  tha t  h i s  controlled e le -  

ment gain i s  5 times smaller; the operators tend t o  compensate 

for  it by increased gain. 

Lead compensation time constants found i n  STL's s tudy  f a l l  
within the average range of those reported by Adams 

(0.2 ... 0.8 sec).  

2)  

Adams' extreme cases of zero lead an6 

R. 
Verbal communication by Mr. M. Sadoff of KASA Ames Research Center. 
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extremely large lead (1.2 ... 1.6 sec) are  not matched i n  
t h i s  s tudy .  

STL's resu l t s  for  the second order lag yield complex roots i n  
close proximity to the double roots obtained by Adams on the 

basis of the postulated s t ructure  of h i s  mathematical model. 

3 )  

Closed-loop Response 

1) ?Fne osci l la tory modes found i n  Adams '  and STL's study have 

s i m i l a r  frequencies ranging fron 2.0 t o  4.0 rad/sec. 

damping fac tor  i s  considerably lower on the average (by a 
factor  of 2 t o  5) than STL's. 
Adams '  real-roots are  not matched by STL's data, probably 

i n  view of the difference i n  model s t ructure .  

closed-loop poles of the second osc i l la tory  mode obtained by 

STL are  located f a r  from the r e a l  axis i n  the s-plane. The 

significance of t h i s  difference cannot be explained without 

a closer comparison of experimental conditions. 

Adams' 

2) 
The complex 
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY 

The closed-loop model matching techniques which were explored under 

t h i s  research study (Tasks 1 t o  3)  and applied t o  two-axis tracking data 
during the final. phase (Task 4 )  covered i n  t h i s  report have proved t o  be 

effect ive i n  yielding useful descriptions of the human operator and con- 

s i s t e n t  parameter values of h i s  tracking performance. 
I n  general, these parameters exhibit  variations with time which are  

traceable (1) t o  high peaks i n  the random excitation signal,  (2 )  t o  dynamic 
interactions between parameter adjustment  loops, and ( 3 )  probably t o  a 

large extent t o  fluctuations i n  the operator 's  output which are not repre- 

sented i n  the "deterministic" second-order mathematical model employed 

here. Actually, the operator generates spurious output components which 

may best be described i n  s t a t i s t i c a l  terms. I n  the l i t e r a t u r e  on human 

operator models the unmatched component is referred t o  as remnant term and 

is  analyzed on a statistical basis. Operator var iab i l i ty  over extended 
periods of tracking operation and over ensembles of repeated trials, as 

well as dis t r ibut ions of parameters over ensembles of p i lo t s  having similar 

t ra ining and proficiency should be fur ther  analyzed i n  t h i s  sense. 
It was found i n  the two-axis tracking s tudy  t h a t  operator t ra in ing  

must be a carefully controlled experimental variable i n  order t o  derive 

meaningful parameter values. The two-axis tracking study by Humphrey 
(Reference 4 ) has determined quantitative data on operator performance 

as a function of t ra ining time and provided a basis f o r  adopting an ade- 

quate t ra ining standard i n  performing T a s k  4. 
erence 6 ) showed i n  turn t h a t  inadequate t ra in ing  of the operators may 
lead t o  misinterpretation of the nature of parameter variations observed 

during the tracking t e s t s .  

The study by Adams ( R e f -  

The present s t u d y  has not  been oriented primarily toward providing 
data on human tracking performance i n  general, b u t  ra ther  toward develop- 

ing and exploring computer methods which promise to  be suitable fo r  t h i s  

purpose. 
t ions and has given insight into the  nature of inter-axis coupling. 

w i l l  be most interest ing t o  pursue fur ther  studies aimed a t  deriving 

comprehensive human operator models, including cases of l inear  and non- 
linear perfnrmance, with and without essent ia l  cross-coupling, i n  r e a l i s t i c -  
type tracking and vehicle control s i tuat ions.  

T a s k  4 has provided the means of dealing with mul t i - ax i s  s i t u a -  

It 

For such a purpose the w e  
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of two simple, ident ical ,  and uncoupled control channels each character- 
ized by K/s(s+l) as w a s  &ne i n  this study would be too unrea l i s t ic .  An 

extension of the studies t o  such t a s k s  as instrument landing i n  terms of 
a i r c r a f t  longitudinal dynamics with l i f t  and th rus t  being the controlled 

variable8 would be highly interesting and desirable.  
Another aspect of great significance which should be explored i n  

mul t i - ax i s  studies is  the nature of the reception and interpretat ion of 
displayed s t i m u l i  by the human p i lo t .  

s t i m u l i  such as ve r t i ca l  andhorizontal  dot excursions on an integrated 
display instrument is an idealization seldom encountered i n  practice.  

s t i m u l i  received may be more diffuse,  including v i s u a l  cues from fl ight 

instruments and from the extra-vehicular scene, pluskinesthetic feedback 

s t i m u l i .  The s ignif icant  effect  of additional motion cues i n  a l t e r ing  
p i lo t  tracking performance has been demonstrated by the interest ing r e su l t s  

of Adams' study (Reference 6 ) . Prac t ica l  considerations of vehicle con- 
t r o l m u s t  be included i n  plans f o r  further studies,  with emphasis on clear  

def ini t ion of p i lo t  input s t imu l i  and t h e i r  representation i n  the mathe- 
matical model s t ructure .  

Clearly, the presentation of  specif ic  

The 
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